Abstract. A photoacoustic contrast agent that is based on bis-carboxylic acid derivative of indocyanine green (ICG) covalently conjugated to single-wall carbon nanotubes (ICG/SWCNT) is presented. Covalently attaching ICG to the functionalized SWCNT provides a more robust system that delivers much more ICG to the tumor site. The detection sensitivity of the new contrast agent in a mouse tumor model is demonstrated in vivo by our custom-built photoacoustic imaging system. The summation of the photoacoustic tomography (PAT) beam envelope, referred to as the "PAT summation," is used to demonstrate the postinjection light absorption of tumor areas in ICG-and ICG/ SWCNT-injected mice. It is shown that ICG is able to provide 33% enhancement at approximately 20 min peak response time with reference to the preinjection PAT level, while ICG/SWCNT provides 128% enhancement at 80 min and even higher enhancement of 196% at the end point of experiments (120 min on average). Additionally, the ICG/SWCNT enhancement was mainly observed at the tumor periphery, which was confirmed by fluorescence images of the tumor samples. This feature is highly valuable in guiding surgeons to assess tumor boundaries and dimensions in vivo and to achieve clean tumor margins to improve surgical resection of tumors.
indocyanine green (ICG) is a photosensitive dye with considerable absorption and fluorescence in the near-infrared (NIR) wavelength region. 1 It has negligible toxicity, and the U.S. Food and Drug Administration has approved its use for ophthalmic imaging, assessment of cardiac output, and hepatic function.
2,3 ICG's desirable optical characteristics have motivated many studies, which utilize it as a sensitizer for photothermal therapy of tumors, 4 photodynamic therapy, 5 tissue welding, 6 estimation of burn depth, 7 and imaging vascularization and blood flow within breast tumors, skin, and the brain. [8] [9] [10] [11] However, ICG is cleared rapidly from the bloodstream, and its total concentration decreases with a half-life on the order of 2 to 4 min. 12 Previous studies indicate that ICG exhibits nonspecific binding to blood proteins, such as albumin and high-density lipoproteins, and is finally eliminated from the general circulation by the renal system and the liver. 13, 14 To overcome ICG's rapid circulation kinetics, other investigators developed several strategies such as encapsulating it within poly(lactic-co-glycolic acid) or micelles, embedding it within a lipid suspension, and through noncovalent interaction with nanoparticles. [15] [16] [17] [18] [19] [20] It has been demonstrated that developing a delivery system for ICG that provides efficient dye loading increases the utility of ICG for diagnostic and therapeutic applications. 21 Within the family of nanomaterials, there is a great interest in the use of carbonbased nanostructures for various biomedical applications. 22 Carbon nanotube (CNT) has emerged not only as a new alternative and efficient transporter of therapeutic molecules, but also as an optical imaging agent owing to its strong optical absorption in the NIR region. 23 Drugs, antibodies, and nucleic acids could functionalize as single-wall CNTs (SWCNTs) to prepare an appropriate system for delivering the cargos to the cells and the organs. Additionally, the broad absorption spectrum of SWCNTs provides a wide range of optical wavelengths for imaging. The narrow absorption spectra of a number of contrast agents have restricted their use to a particular wavelength. 24, 25 Photoacoustic tomography (PAT) is an emerging modality that provides optical absorption contrast of biological tissues at ultrasound resolution. [26] [27] [28] [29] In PAT, a short-pulsed laser beam is used to illuminate the tissue. Upon absorption of the light by the tissue, ultrasound waves are generated due to thermoelastic expansion. An array ultrasound transducer is used to receive the generated photoacoustic waves, which are used to reconstruct the images that show the light absorption distribution of the tissue. If the laser illumination has a wavelength within the NIR window from 600 to 900 nm, the tissue absorption is mainly due to hemoglobin, while water and other tissue constituents (e.g., fat) have low absorption. Furthermore, light scattering in NIR region is lower than that in the visible wavelength range allowing for deeper tissue penetration. 30 This makes PAT imaging in the NIR region an excellent tool to reveal the complex vasculature distribution or angiogenesis of tumors.
In order to enhance the contrast of PAT, several research groups have explored the use of exogenous ICG or CNT individually. Pramanik et al. used pure SWCNT as a contrast agent for photoacoustic mapping of the sentinel lymph node (SLN). 31 They successfully imaged the SLN in vivo with high contrast-tonoise ratio and good resolution. They showed that SWCNTs had a wideband optical absorption and generated PAT signals over a wavelength range of 740 to 820 nm. Thus, by tuning the light illumination wavelength to this region, the imaging depth can be maximized. Kim et al. used ICG-embedded nanoparticles that are incorporated with a cancer-specific target as a contrast agent for PAT. 17 Embedding ICG in nanoparticles improved the stability of ICG in aqueous solution as compared with free ICG. Their initial in vitro characterization results showed a high contrast and high efficiency for the agent to bind to prostate cancer cells. Further studies by Rajian et al. used perfluorocarbon emulations to encapsulate ICG, and keep it optically stable for use as a contrast agent for optical imaging. 32 A recent study by Wang et al. have found an effective application of protamine-functionalized SWCNTs for stem-cell labeling and for in vivo Raman/magnetic resonance/photoacoustic triple-modal imaging. 33 Their work revealed that SWCNTs with appropriate surface functionalization have the potential to serve as multifunctional nanoprobes for stem-cell labeling and multimodal in vivo tracking.
There are few reports in the literature that describe the use of CNT as a carrier of ICG for enhancing photoacoustic contrast. Recently, de la Zerda et al. reported a new sensitive CNT agent for photoacoustic imaging and demonstrated the performance of the agent in mice. 34 This contrast agent is based on attaching ICG to the surface of the nanotubes through π − π stacking interactions. Additionally, this agent is conjugated with cyclic Arg-Gly-Asp (RGD) peptides to molecularly target the alpha(v)beta(3) integrins, which are associated with tumor angiogenesis.
In this article, we present a novel photoacoustic contrast agent that is based on bis-carboxylic acid derivative of ICG 35 covalently conjugated to the SWCNT (ICG/SWCNT). Using ICG/SWCNT as a contrast agent exhibits a much higher peak absorbance compared with plain SWCNTs. The performance of the new contrast agent in mouse tumor models is demonstrated in vivo using our custom-built co-registered ultrasound and photoacoustic imaging system. 36 Both ultrasound pulseecho (PE) image and PAT image of the mouse are captured and stored throughout the experiments to provide the tumor morphology and light absorption distribution longitudinally. It is known that ultrasound probes tumor mechanical contrast and provides tumor morphology, while the PAT maps tumor angiogenesis and provides tumor functional information. Coregistered PE/PAT imaging is an excellent tool to diagnose ultrasonically identified lesions based on lesion vascular contrast provided by PAT. Postprocessing of the PAT data shows approximately two times higher enhancement of ICG/SWCNT than ICG, which is further validated by fluorescence images of the excised tumor samples.
Materials and Methods

Functionalizing SWCNT
In the functionalization process, Pristine SWCNTs (SigmaAldrich, St. Louis, Missouri) were first immersed in a mixture of H 2 SO 4 (98 vol %) and HNO 3 (68 vol %) (3∶1) exposed to the ambient atmosphere. The SWCNTs were then immersed in an ultrasound bath (500 W) for 2 h. The chloridric acid was then added to the solution with slow agitation, followed by ammonium hydroxide until the solution was neutralized. The resulting solution was then filtered with a 0.22-mm cellulose acetate membrane. The SWCNTs were washed several times with deionized water to a pH of 5.5. The residue was dried in an oven at 60°C for 18 h to obtain carboxylated CNTs (SWCNTs-COOH). Reaction of thionyl chloride with carboxylcontained SWCNT (CNT-COOH) gave carbonyl chloride groups-functionalized SWCNTs (SWCNT-COCl), which is the intermediate product for further chemical functionalization. The SWCNT-COCl was treated with triethylenetetramine to generate SWCNT-NH 2 . 37 
Bis-Caboxylic Acid-ICG/SWCNT
Bis-caboxylic acid-ICG was covalently attached to aminofunctionalized SWCNT via the conversion of the bis-caboxylic acid-ICG to the corresponding acid chloride using oxalyl chloride. Details that concern the preparation of our bis-caboxylic acid-ICG, referred to as ICG in the rest of the article, can be found in Ref. 38 . The acid chloride ICG was not isolated, but immediately treated with the amino-functionalized SWCNT (SWCNT-NH 2 ), heated in toluene at reflux for 1 h, and then stirred for an additional 5 h. The mass ratio of ICG to functionalized nanotube used was 3∶1. The unbound ICG was removed from the solution through a 100-kDa centrifuge filter (millipore tube), followed by six washes with water. The unbound ICG compound passed through the filter dissolved in the water, while the insoluble SWCNT-bound ICG remained. Covalent attachment was confirmed through Raman, ATR-IR spectroscopy, and TGA (data are not presented here). Absorption spectra of plain SWCNT and ICG/SWCNT were acquired from 600 to 800 nm in 1-mm cuvettes using the UV-Vis spectrometer (Varian Analytical Instruments, Walnut Creek, California). The spectra were acquired at a scan speed of 125 nm min −1 .
Cell Line, Mice, and Histology
4T1 Luc cells were regularly cultured at 37°C with 5% CO 2 in RPMI 1640 medium (Gibco, Grand Island, New York), supplemented with 10% FBS, 50 U∕mL penicillin/streptomycin, 2 mM L-glutamine, and 1 mM pyruvate. The 4T1 Luc cells were passed three times in a T75 flask (BD Biosciences, Bedford, Massachusetts) prior to this study, and the confluency was 70% to 80%. In vivo experiments were performed using a murine tumor model (4T1 mammary cancer cells grown in Balb/ c mice). The animal protocol was approved by the Institutional Animal Care and Use Committee of University of Connecticut. 4T1 breast cancer cells (1 × 10 5 ) were injected into the lower right mammary fat-pad of 7-week old Balb/c female mice. The experiments were performed when the tumor sizes reached approximately 6 to 8 mm in diameter and 2 to 3 weeks postinoculation. All experiments were performed under anesthesia by the inhalation of 1.5% isoflurane. A dose of 100 μL of 100 μM ICG dye and ICG/SWCNT was injected in each mouse using retro-orbital injection technique.
For histology, after overnight fixation in 4% paraformaldehyde, the tumor samples were dehydrated progressively through 30%, 50%, 70%, 90%, and 100% ethanol, and then placed in OCT embedding medium (Tissue-Tek, Torrance, California). Tumor samples were sectioned at 10 μm on a cryostat (Leica CM3050S, Leica Microsystems, Nussloch, Germany), and stored at −20°C.
Imaging Experiments
A total of 10 mice were imaged by our co-registered PE/PAT imaging system. 36 A Ti:Sapphire (Symphotics TII, LS-2134, Camarillo, California) laser optically pumped with a Q-switched Nd:YAG laser (Symphotics-TII, LS-2122) delivered 15 Hz, 20-ns pulses at 755-nm wavelength. The energy density of the laser beam was kept at 8 mJ∕cm 2 , which is under the ANSI-specified energy limit of 24 mJ∕cm 2 . The laser beam was coupled into a 1-mm core multimode fiber using a converging lens, as shown in Fig. 1 . The light exiting from the fiber then passed through intralipid to homogenize the beam before illuminating on the tumor area. The intralipid also served as the coupling medium between the transducer and mouse tumor. Before imaging, the mice were shaved and placed in supine position on a heating pad. The intralipid bag was placed between the mouse and a linear ultrasound transducer of 6-MHz center frequency and 80% bandwidth (W. L. Gore and Associates, Inc., Newark, Delaware). The central 64 channels of this 128-channel linear ultrasound transducer were used by the system. To monitor the effect of ICG or ICG/ SWCNT injection on the absorption within the tumor area, co-registered PE/PAT images and the corresponding radio frequency (RF) data or transducer data were acquired for up to 80 min for the ICG group and 80 to 165 min (120 min on average) for the ICG/SWCNT group. Five mice were injected with ICG and the other five with ICG/SWCNT. Ideally, monitoring for an extended period of time is required to obtain complete tumor wash-out characteristics of ICG/SWCNT group. However, such monitoring would require the mice to be under anesthesia for an extended period of time. The studies had to be terminated after 80 to 165 min, due to animal study constraints.
Image Reconstruction and Data Processing
The imaging system was capable of capturing and storing RF data, and then forming and storing co-registered PE/PAT images at a rate of 3 frames per second. 36 In mouse experiments, we averaged the RF data over seven times to achieve a better signal-to-noise ratio (SNR), and thus the corresponding imaging rate is about 2.5 seconds per frame. Both PE and PAT images were formed using standard delay-and-sum beam-forming algorithm. 39, 40 The envelopes of the beam data were interpolated via scan conversion to each pixel, followed by a logarithmic dynamic range compression. Each PE image was normalized to its own maximum and displayed at 45-dB dynamic range. The PAT images were normalized to the maximum PAT beam envelope, referred as the PAT reference, of all image frames. In this article, SNR is defined as
½peak envelope of signal∕mean ðpeak envelope of noiseÞ:
PAT dynamic range was set to be the same as SNR to maximize the visualization of the light absorption. In mouse experiments, for the regions several centimeters away from tumor sites, there was no PAT signal due to limited light penetration. Therefore, we have used the averaged peak envelopes of the photoacoustic beams in these regions as our system noise thresholds. The variations of system noise thresholds from different mouse experiments were very small, and we used the mean value of them to distinguish PAT signals from tumors. The coregistered PE/PAT image was an 8-bit BMP file. The lower half of its color map was gray scaled and was assigned to the PE part, while the upper half was color-coded (red to yellow) and was assigned to the PAT counterpart, as shown in Fig. 3 .
Because the shape of the tumors was approximately round, a circular window was chosen, depending on the tumor structure and size information in PE image, to closely define the tumor area for computing PAT summation signal. For each mouse, the summation of PAT beam envelope higher than system noise threshold was computed within the chosen window for each frame and used to estimate the total tumor uptake and wash-out profiles for each experiment.
To compensate for the laser energy drifting and fluctuations throughout the long experiment, 3% of the output laser energy was split using a beam splitter. It was coupled into a photodiode (PDA10A, ThorLabs, Newton, New Jersey), and the temporal profile of the laser pulse was measured and recorded by a DAQ board (CS22G8, DynamicSignals, Lockport, Illinois) at 1-GHz sampling rate. For each PAT frame, seven sets of PAT RF data and the corresponding photodiode output of the laser pulses were synchronously acquired and averaged by the imaging system to increase PAT SNR. Beam envelope of each PAT frame was divided by the average laser pulse peak before it was used to compute a PAT summation signal (compensated PAT summation). This method was verified by imaging fixed absorption phantoms for over 2 h. Verification experiments were repeated 10 times, and the standard deviation in the compensated PAT summation signal was in the range of AE10% of its mean.
The reconstructed PAT beam envelope showed the initial pressure distribution in the imaging plane, which is a product of the Grüneisen coefficient, local light fluence, and light absorption coefficient. 41 We assumed that the Grüneisen coefficient and local light fluence did not change much with time in each pixel location after the laser energy compensation, and the change in the PAT beam envelope was proportional to the light absorption coefficient. The change in the light absorption coefficient in turn was due to the hemoglobin contrast and injected dyes in our experiments. Consequently, the change in the PAT beam envelope signal was the result of the progressive uptake and wash-out characteristics of the injected dyes at tumor sites. This is approximately correct provided that the change in the compensated PAT summation caused by intrinsic hemoglobin contrast is negligible.
Fluorescence Scanner
Ten-micrometer frozen tumor sections were dried and imaged by an Odyssey Infrared Imaging System (Li-COR Biosciences, Lincoln, Nebraska). This instrument provides scan resolution ranging from 21 to 339 μm. The fluorescence images obtained for this article were acquired at the highest resolution of 21 μm. The selected excitation channel was 785 nm and the emission channel was 820 nm with a bandwidth of 40 to 50 nm. The images were obtained from the analysis software provided by the company. The length of time the laser spends on any given point is the dwell time. The laser dwell time per pixel of the Odyssey system used in this study, is approximately equal to the resolution/speed. The speed is set by the quality setting and varies from 5 cm∕s at the highest quality to 40 cm∕s for the lowest. Laser intensity is constant. In our experiments at resolution ¼ 21 mm and quality ¼ highest, the dwell time ðper pixelÞ ¼ ð21 × 10 −4 Þ∕5∼ ¼ 0.42 ms. All samples in this article were imaged using the same setup parameters for the Odyssey Infrared Imaging System in terms of resolution, brightness, and contrast. Two quantitative terms were computed from the fluorescence images using Image J software package. 42 The first term was the mean pixel value of the fluorescence images in the entire sample area. The second term was the mean pixel values of fluorescence images only inside thr tumor and at the boundary of the tumor for each sample. A 2 × 2 mm 2 window was used to measure the mean intensity of the tumor interior and boundary. For each fluorescence image, Image J measured 10 peripheral and two central areas, and the mean pixel values in the peripheral and central areas were used to obtain the relative fluorescence intensity ratio of each mouse sample, because the pixel value in fluorescence image was proportional to the average fluorescence intensity. This procedure was repeated for five ICG and five ICG/ SWCNT samples.
Results
Figure 2(a) shows the chemical structure of the bis-caboxylic acid-ICG covalently attached to an amino-functionalized SWCNT, and Fig. 2(b) shows the optical absorbance spectrum of this compound. The peak observed at 750 nm exhibits more than 25-fold higher absorbance at the same wavelength compared with the nonfunctionalized SWCNT.
Two examples of co-registered PE/PAT images of ICG/ SWCNT-and ICG-injected mice are shown in Fig. 3(b) and 3(c) and Fig. 3 (e) and 3(f), respectively. There is also an example of control without injection of contrast agent, as shown in Fig. 3(h) and 3(i) . Because the maximum PAT beam envelope in ICG/SWCNT experiment is higher than that in ICG and the control case, we have different PAT dynamic ranges (25, 20 , and 18 dB, respectively) for the three examples to obtain better visualization of these three sets of images. In all studies, the PE images reveal a hypoechoic mass near the skin surface, which was verified at the beginning of each experiment to be the tumor area. Note the color bar in Fig. 3 is the color map (g-i) . For display, the PAT dynamic range was set to be the same as PAT SNR to maximize the visualization, while the PE dynamic range was kept to be 45 dB in all subfigures.
used for the display of PE image or co-registered PE/PAT image. In postprocessing, PAT reference in ICG/SWCNT experiment is different from that in ICG experiment and control case. Thus, the same color in these three sets of images corresponds to different levels of light absorption except the pure red, which corresponds to system noise threshold.
The compensated PAT summation signal for the ICG/ SWCNT-injected mouse tumor in Fig. 3(b) and 3(c) and the ICG-injected mouse tumor in Fig. 3(e) and 3(f) are shown in Fig. 4(a) and 4(b) , respectively. The control case is given in Fig. 4(c) . The co-registered PE/PAT images shown in Fig. 3(b) and 3(c) and the corresponding PAT summation signal shown in Fig. 4(a) indicates that most of the ICG/SWCNT dye uptake by the tumor is distributed around the periphery, and the compensated PAT summation signal is 3.32 times higher than the preinjection level. The images shown in Fig. 3 (e) and 3(f) reveal similar periphery enhancement but have much weaker compensated PAT summation signal of 1.50 times higher at the peak of the post-ICG injection as compared with the preinjection level. The corresponding PAT summation signal increases after injection, reaches a peak after about 20 min and then slowly reduces to the preinjection level at around 60 to 80 min, as shown in Fig. 4(b) . This is in sharp contrast to the ICG/SWCNT-injected mouse [ Fig. 4(a) ], in which the compensated PAT summation signal keeps increasing during the entire experiment. Note that Fig. 3(c) was obtained at 80 min postinjection of ICG/ SWCNT, and Fig. 3(h) was at the peak enhancement of ICG around 20 min.
In our experiment, the light absorption mainly comes from intrinsic hemoglobin and injected dyes. Both contribute to the compensated PAT summation signal during the experiment. Figure 4(c) shows the corresponding compensated PAT summation of the mouse without injection and monitored for 54 min. The curve is almost flat, and the standard deviation is only 4.78% of its mean. It shows that the hemoglobin contrast of the mouse tumor under anesthesia for longer PE/PAT experiment causes negligible change in the PAT summation signal. The compensated PAT summation signals in ICG/ SWCNT and ICG experiments are mainly caused by the injected dyes.
The statistical analysis of the normalized compensated PAT summation signals for the ICG-and ICG/SWCNT-injected mice is shown in Fig. 5 , revealing that ICG is able to provide 1.33 (AE0.1) times higher compensated PAT summation than the preinjection level at approximately 20 min peak response time. On the other hand, ICG/SWCNT provides 2.28 (AE0.78) times higher compensated PAT summation than the preinjection level at 80 min and an even higher ratio of 2.96 (AE0.69) at the end point of the experiments (120 min on average). Statistical significance was achieved between the two groups at 80 min (p ¼ 0.032). If the end point of compensated PAT summation signal of ICG/SWCNT was compared with that of ICG group, the statistical significance is even higher with p ¼ 0.004.
The ex vivo fluorescence images obtained from excised tumor samples (Fig. 6) help to visualize the distribution of both ICG/ SWCNTs and ICG. Figure 6(b) demonstrates the significant increase in ICG/SWCNT accumulation and also the peripheral distribution, while Fig. 6(a) shows weaker ICG fluorescence signals and more uniform distribution. The fluorescence images obtained from tumor samples support the photoacoustic findings. Figure 7 shows the statistics of mean pixel value of the entire samples measured from ex vivo fluorescence images obtained from two groups of ICG and ICG/SWCNT using Odyssey Infrared Imaging System. The mean pixel value of the entire sample is 5.68 (AE4.74) for the ICG group and 41.00 (AE11.11) for the ICG/SWCNT group. This difference is statistically significant (p ¼ 0.001). We also compared the statistical significance of the mean pixel value of the tumor interior and tumor boundary in fluorescence images for the two groups (Fig. 8) . For the ICG group, the mean pixel value of the interior is 3.22 (AE1.69) and the mean at the tumor boundary is 8.13 (AE3.99) (p ¼ 0.035). For the ICG/ SWCNT group, the mean pixel value of the interior is 12.30 (AE7.05) and the mean pixel value at the tumor boundary is 36.46 (AE12.68) (p ¼ 0.006). The statistical significance between the mean intensities of the inside and the periphery of ICG/SWCNT group increased significantly compared with that of ICG.
Discussion and Summary
In our experiments, the compensated PAT summation signal after injection from ICG group always decreased to preinjection level after approximately 60 to 80 min. However, the compensated PAT summation signal after injection from ICG/SWCNT group was always increasing during experiment. Ideally, we would like to record the complete postinjection wash-out characteristics of ICG/SWCNT. However, the condition of the mice under long periods of anesthesia is very unpredictable. Repositioning of the tumor back to the same imaging plane of the PAT imaging system for continuous monitoring after an anesthesia break is a challenging task, because the high-resolution PAT images are very sensitive to the relative positions of the mouse tumor and the ultrasound transducer. Since our goal was to compare uptake and wash-out characteristics of ICG and ICG/SWCNT and to quantify the contrast improvement of ICG/ SWCNT in a similar time frame, we recorded the PAT data of the ICG/SWCNT-injected mouse group from 80 to 165 min, depending on the health condition of each mouse. At 20-min postinjection, which was the peak enhancement of ICG, we obtained a similar enhancement of 29% and 33% for ICG and ICG/SWCNT (p ¼ 0.511), respectively. However, at 80-min postinjection, the ICG/SWCNT demonstrated 128% enhancement, while ICG was at a similar preinjection level (p ¼ 0.032). If the end point of the compensated PAT summation in the ICG/SWCNT group was used to compute the enhancement, 196% enhancement was achieved (p ¼ 0.004). It is highly likely that the PAT signal of ICG/SWCNT would continuously rise beyond the end point and that would provide further contrast enhancement.
It is not surprising that we have observed prolonged PAT enhancement with the ICG/SWCNT. The microenvironments of solid tumors are fundamentally different from normal tissues. It includes poorly organized vascular architecture, impaired lymphatic system, poor oxygenation, acidosis, higher interstitial fluid pressure, and the presence of the extracellular matrix. 43, 44 It has been reported that the degree of penetration of nanoparticles through the cancer cells depends on several factors including size, 45 morphology, 46 and surface charge. 47 The enhanced permeability and retention (EPR) effect aids in nanoparticles diffusion and convection through abnormal large fenestrations tumor vasculature and the inefficient lymphatic drainage. EPR allows nanoparticles generally less than 150 nm in diameter to cross from vasculature into the interstitium. 48 Generally, diffusion of nanoparticles into solid tumors is limited by the interactions with high-density cells, presence of the extracellular matrix as a transport barrier, and higher interstitial fluid pressure. 49 Huo et al. studied the size effect of gold nanoparticles on the localization and penetration behavior in tumor. 50 They showed that small size nanoparticles penetrated more deeply into tumor and accumulated more effectively after a single intravenous dose. In contrast, larger nanoparticles were primarily localized in the periphery of the tumor spheroid and around blood vessels hindering deep penetration into tumors. In our study, we used SWCNTs with lengths ranging from 100 to 1000 nm. Although it is desirable to enhance the delivery of contrast agents or drugs into interior of the tumor using smaller nanoparticles, the observed periphery enhancement from PAT images and confirmed measurements from fluorescence images is valuable in guiding surgeons to assess tumor boundary and to improve surgical resection of tumors for achieving clean tumor margins. 51 Future studies will be focused on the synthesis of ICG/SWCNT with tumor-targeting agents or drugs of different sizes for potential diagnostic and therapeutic applications.
Both ICG, from Sigma-Aldrich, and bis-caboxylic acid-ICG are small molecules (on the order of 1 nm). We believe that removal mechanisms for both compounds are the result of renal clearance and elimination of residues from general circulation by the liver. Bis-caboxylic acid-ICG, however, is able to remain in the body for a longer time. ICG from Sigma-Aldrich contains a naphthindole unit in the ICG dye rather than the simple indole unit present in our dye. We incorporated a carboxylic acid group on the benzene ring, i.e., an indolecarboxylic acid rather than a naphthindole moiety. Since the ICG derivative contains two indole units, there are two carboxylic acid groups in the ICG used in this study. The replacement of the naphthindole with an indolecarboxylic acid may influence the aggregation issue, which was predominant in the commercially available variant of the dyes. The di-carboxylic acid moiety certainly increased the ICG dye solubility in aqueous solutions, which we believe led to a longer resistance in the circulation in comparison with ICG from Sigma-Aldrich. Further, we utilized these reactive COOH moieties to covalently attach the SWCNT to the dye. The excretion of bis-carboxylic acid derivative-ICG covalently conjugated to SWCNTs is strongly dependent on the size, shape, and surface chemistry, and it may happen via renal and fecal pathways 52 and need a much longer time in comparison with ICG groups alone, as the size of the ICG/SWCNT particles are much larger than that of ICGs.
Nonfunctionalized CNTs seem to be able to remain in the body for a long time, but not permanently. Ryman-Rasmussen et al. showed the inhaled nanotubes remained in the subpleural wall for at least 14 weeks. 53 Elgrabli et al. showed that the large numbers of CNTs instilled into the lungs of rats were cleared after 3 months. 54 On the other hand, the length of CNTs has a great impact on the clearance process, and a high aspect (length to width) ratio can influence biopersistence. 55 The recent studies indicate that there is a completely different story for functional CNTs. 56 Singh et al. reported that surface-functionalized, water-dispersible SWCNTs (average diameter 1 nm; average length 300 to 1000 nm) were capable of rapid and effective renal clearance and urinary excretion with a blood circulation half-life of about a few hours. 57 In this study, we believe that the removal mechanism for SWCNT is the result of rapid renal clearance and elimination of residues from general circulation by the liver. Because of experimental constraints for animals under continuous anesthesia, we could not monitor the ICG/SWCNT-injected mice for several hours in this study. Future studies will consider starting experiments after injecting ICG/SWCNT for a certain period of time to assess the life time of ICG/SWCNT. This study has limitations. In a previous work, we found that simply mixing the ICG and the SWCNT together was ineffective in accumulating the dye in the tumor. We attributed this to the lack of covalent binding that led to quick wash-out of the ICG molecules. We therefore reacted the SWCNT with triethylenetetramine to generate SWCNT-NH 2 . We also prepared our bis-carboxylic acid-ICG dye via previously reported methodology. The free carboxyl groups were converted to the corresponding acid chloride by reaction with oxalyl chloride, and subsequent reaction with SWCNT-NH 2 gave the ICG-SWCNT-NH 2 . Successive filtration and washings removed noncovalently attached ICG and SWCNT-NH 2 leaving the covalently bound ICG-SWCNT-NH 2 . Analysis by Raman IR showed the band at 514 nm, consistent with the expected amide moiety. The insolubility of this complex in the solvents required to do NMR and the lack of the volatility to the obtained cogent mass spectral data made it virtually impossible to exactly determine the extent of covalent bonding. We attempted to determine the weight % and found that 192 mg of the ICG resulted in 88 mg of the ICG-SWCNT-NH 2 . However, we were unable to separate the unreacted starting material in sufficient purity to accurately determine the mass of the unreacted ICG or the unreacted SWCNT-NH 2 , which makes the weight % calculation unreliable. While we cannot determine where the units are attached or exactly how many units are attached per unit of the dye, the Raman IR data clearly shows covalent binding. Based on the literature data, a covalent attachment system generally improves delivery of cargos to the target site. 58 For example, the covalent attachment of electroactive groups on the side-wall of CNTs is a good strategy to avoid any loss of these groups by diffusion in the solution. 59 However, to the best of our knowledge, there is no report in the literature on delivery of ICGs through covalent attachment to SWCNTs; this could be a future topic of research.
In summary, we have presented a novel photoacoustic contrast agent which is based on bis-carboxylic acid derivative of ICG covalently conjugated to SWCNT (ICG/SWCNT). The detection sensitivity of the new contrast agent in a mouse tumor model was demonstrated in vivo using ICGand ICG/SWCNT-injected mice. It was shown that ICG/ SWCNT provides approximately two times higher postinjection contrast than ICG. Additionally, the ICG/SWCNT enhancement was mainly observed at the tumor periphery, due to the size and shape of the SWCNTs, which is valuable in guiding surgeons to assess tumor boundaries in order to achieve clean tumor margins, and thereby to improve the surgical resection of tumors.
